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ABSTRACT OF THE DISSERTATION 
 
Electrical and Thermal Characterization of Low – Dimensional Materials and Devices 
 
 
by 
 
 
Ruben A. Salgado 
 
Doctor of Philosophy, Graduate Program in Materials Science and Engineering 
University of California, Riverside, June 2019 
Dr. Alexander A. Balandin, Chairperson 
 
 
 
 
Low-dimensional materials such as quasi-one-dimensional carbon nanotubes and quasi-
two-dimensional transition metal dichalcogenides reveal interesting properties, which have 
potential for future device applications. In some cases, the attractive feature of low-
dimensional materials is their heat conduction capabilities, in other cases-it is the unusual 
electronic conduction and switching phenomena. In this dissertation research, I investigate 
(i) the thermal characteristics of carbon nanotubes incorporated in a battery electrode; and 
(ii) the electronic characteristics of quasi-two-dimensional 1T-TaS2 material system and 
devices based on these systems. The selected material systems and different properties 
demonstrate a wide range of possibilities of the device applications for the low-dimensional 
materials. In the first part of this dissertation work, I describe the effects of the 
incorporation of carbon nanotubes, known for their high thermal conductivity, into Li-ion 
battery electrodes. It was demonstrated that the in-plane thermal conductivity of the 
composite electrodes with incorporated carbon nanotubes is as large as ~206 W/mK. This 
value exceeds the thermal conductivity of conventional laminated electrodes by about three 
orders of magnitude. The cross-plane thermal conductivity of the carbon-nanotube-based 
 ix 
electrodes is in the same range as thermal conductivity values of conventional laminated 
electrodes. The electrodes with carbon nanotubes revealed a superior electrochemical 
performance and stability. The results of this research demonstrated that the incorporation 
of highly thermally conductive low-dimensional materials can substantially improve the 
thermal properties of the battery electrodes without degrading their electrochemical 
performance. In the second part of this dissertation research, I report results of the 
investigation of current-voltage characteristics and low-frequency current fluctuations in 
vertical 1T-TaS2 charge-density-wave devices. The electron transport, perpendicular to the 
atomic planes, was studied in the temperature range below T= 180 K, which is a known 
transition temperature to the commensurate charge-density-wave regime. The resistivity of 
the vertical 1T-TaS2 devices reveal an intriguing abrupt change below 100 K. The low-
frequency noise spectra suggest a presence of an additional “hidden” phase transition at 
this point. The obtained results confirmed the potential use of low-frequency noise 
spectroscopy for the investigation of electron transport and switching phenomena in low-
dimensional materials.  
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1 
 
Chapter 1 
 
1 Introduction 
 
The first observation of low – dimensional materials was made during the early 20th century 
by the eventual 1925 Nobel Prize Laureate in Chemistry, Richard Zsigmondy [1]. In 1914 
he published his work on the use of an ultra – microscope that utilizes the dark field method 
to observe particles with size dimensions much smaller than the wavelength of light [1].  
Zsigmondy was able to observe a colloidal suspension of gold particles with dimensions 
10,000 times smaller than that of a strand of human hair.  He was also the first to coin the 
term nanometer (nm), as he determined it to be six order of magnitude less than a 
millimeter. Currently, materials with low – dimensionality are described as having at least 
one dimension less than 100 nm, granting them physical properties between its bulk form 
and constituent individual atoms. Materials constrained to under 100 nm in two directions 
are known as one – dimensional (1D) materials and can be visualized as “nano” – wires or 
“nano” – tubes, while materials constrained in one direction are labeled two – dimensional 
materials (2D) and exist in the form of “nano” – ribbons or “nano” – sheets. These materials 
have shown exotic properties such as high carrier mobility [2], high current density [3], 
resistive switching [4], radiation hardness [5], electromagnetic shielding [6] and high 
thermal conductivity [7]. Because of their outstanding intrinsic properties, low –
dimensional materials are being studied in many different fields such as energy storage and 
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generation [8, 9], high – speed electronics [10], optical devices [11], chemical sensors [12, 
13], hybrid materials [14, 15], and DNA sequencing [16, 17]. 
 In this work, the electrical and thermal characteristics of both 1D carbon nanotubes 
and 2D 1T – TaS2 materials are investigated. In section 1.1, the heat transport optimization 
of current lithium ion battery cells with the implementation of highly thermally conductive 
carbon nanotubes is discussed. In section 1.2, a phenomenon known as the charge density 
wave effect is discussed along with how materials which show this effect can be used to 
fabricate a new paradigm of advanced electronics which will compliment silicon – based 
devices. Finally, the overview of my dissertation is presented in section 1.3. 
 
1.1 Thermal Management of Lithium Ion Batteries 
 
Over the past decades, the global energy sector has undergone a transformation which has 
taken it from fossil fuels to a new focus on renewable energy [18, 19]. This transformation 
has placed Lithium – ion (Li – ion) batteries on the forefront of the future of the global 
energy market. Recently, there has been an expanded and ever–growing usage of Li – ion 
batteries for drones, electric vehicles and grid energy storage [20]. Li – ion batteries are 
attractive because of their low weight and high power density which make them attractive 
for applications in many fields including the automotive and aerospace industries [21]. 
Recent research on cathode materials has led to an improvement in the overall design of 
light weight, high power density Li – ion batteries [22]. Previously, there had been 
insufficient attention given to the improvement of the overall safety of Li – ion batteries. 
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Although Li – ion batteries convert stored chemical potential into electric energy, a 
considerate amount of energy is lost through ohmic heating. This results from the current 
flowing through the internal resistance of the battery during charging and discharging [23–
32]. The chemical reactions which take place during the normal operation of Li – ion 
batteries also contribute to an internal buildup of heat. Overheating issues in Li – ion 
batteries eventually lead to thermal runaway and catastrophic failure. Over the last ten 
years, there have been several publicized Li – ion related fires, most of them involving 
electrical vehicles and two of them aircrafts [33–36]. These incidents highlight the 
importance of proper thermal management in Li – ion batteries. 
 The current thermal management system of Li – ion battery packs consists of either 
active cooling via liquid or air convective heat transfer media [37–42], or passive cooling 
using phase change material (PCMs) or an aluminum heatsink [43–48]. Active cooling is 
used in industrial scale applications in the aerospace and automotive fields, while passive 
cooling is used in small scale applications such as small electronic vehicles. Both active 
and passive cooling have drawbacks that must be addressed. Active cooling systems are 
complex, costly and bulky, while passive cooling systems exploit PCM’s heat absorbing 
properties to transfer heat away from batteries out to the surrounding environment. The 
intrinsic low thermal conductivity of PCMs results in a poor heat dissipation which leads 
to thermal gradients within the core cell of Li – ion batteries during their operation [49]. 
Recent studies have shown that thermal conduction within a battery core shell determines 
its overall heat dissipation [50]. It is believed that the thermal resistance between the 
cathode and separator interface is the limiting factor of the overall thermal conduction of 
 4 
the battery cell. There is now a new focus in the material selection and design of the various 
components of a Li – ion battery. The current structure of a Li – ion battery cathode is a 
combination of electrochemically active electrode materials, carbon material, binder, and 
an aluminum foil or mesh used a current collector. This structure is known universally for 
achieving an effective electrochemical performance. However, current dry battery 
electrode materials have been shown to possess a low thermal conductivity value [51]. 
Previous studies showed that dry cathodes based on Li[Ni1/3Co1/3Mn1/3]O2 and multi walled 
carbon nanotubes (MWCNTs) possessed a cross plane thermal conductivity up to two 
orders of magnitude greater than conventional electrodes based on carbon black material 
[52]. Unfortunately, these Li – ion electrodes demonstrated a poor electrochemical 
performance. In the first part of this dissertation, we demonstrate that the incorporation of 
low dimensional (1D) carbon nanotubes in Li – ion cathodes based on LiCoO2 show 
substantially improvement in the thermal properties of these cathodes without degrading 
their electrochemical performance. 
 
1.2 Charge Density Wave Effects 
 
The electron density of a metal is known to be highly uniform. As seen in Figure 1.1 a), 
the equilibrium positions of the atoms form a periodic lattice. Rudolf Peierls discovered 
that variations of the electron density in bulk metals require a significant amount of 
coulomb energy and are therefore suppressed [53]. In quasi – one and two – dimensional 
materials, local regions of high and low electron densities are known to be stable under 
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certain conditions. In some materials, the electron density spontaneously develops a 
modulation when the temperature drops below a specific transition temperature, Tc, as 
shown in Figure 1.1 b). This periodic modulation of the electronic charge density which is 
always accompanied by a periodic distortion of the atomic lattice in quasi – 1D and 2D 
metallic crystals is known as a macroscopic quantum state called a charge density wave 
(CDW). This symmetry reducing ground state is most commonly found in layered 
materials such as Tantalum disulfide (TaS2). As previously examined, the crystal lattice of 
CDW materials undergo a periodic distortion which causes electrons to drop into a ground 
state where a periodic modulation of electronic charge density occurs. This modulation of 
charge results in the formation of an electronic energy gap at the fermi surface [54, 55]. 
 
Figure 1.1: (a) Schematic of the normal state to the charge density wave state below the 
Peierls temperature, (b) and above the Peierls temperature. 
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  At small applied electric fields, the CDW is pinned to defects on the underlying 
crystal lattice. However, at an applied field higher than that of a known threshold field, ET, 
the CDW will de – pin from the defects of the underlying lattice and slide through the 
crystal, yielding a collective electrical current [56]. This intriguing property could have 
major implications as researchers start to search for new materials to reinvigorate the 
current semiconductor industry. As silicon based complementary metal – oxide –
semiconductor (CMOS) technology scales down in size, energy dissipation has become a 
limiting factor. One switching cycle of a logic bit is represented by NKbT x ln(2) where N 
is the number of electrons, T is temperature and Kb is Boltzmann’s constant [57, 58]. The 
governing physics of this limit implies that in silicon – based CMOS devices, electrons 
behave as independent charge carries and the energy dissipation limit would be reduced if 
electrons acted as a collective state. Consequently, CDW materials possess collective states 
that can be used to circumvent the power dissipation issues plaguing silicon – based CMOS 
transistors. In the second part of this dissertation, we report our findings on the 
investigation of current – voltage characteristics and low – frequency current fluctuations 
in vertical quasi – 2D 1T – TaS2 CDW devices to increase the overall understanding of the 
governing physics of CDW phase transitions. 
 
1.3 Overview 
 
The introduction highlights the importance in investigating the thermal and electrical 
transport of low – dimensional advanced engineered materials and device structures to 
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solve pressing engineering problems. This dissertation is divided in two parts. In part 1, 
the thermal transport of Li – ion cathodes based on layered LiCoO2 and MWCNTs material 
systems is explored. In part 2 of this dissertation, the electronic and noise characteristics of 
low – dimensional van der Waals materials will be studied to analyze their electronic 
performance as two terminal switching devices. Several device fabrication and 
characterization tools were used in this study. 
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Chapter 2 
 
2 Thermal Characterization Methodology 
 
2.1 Introduction to Thermal Conductivity 
 
Heat is an incoherent form of energy that relates to the internal energy of matter which 
moves from one region to another by three methods. Internal energy can be transferred by 
diffusion, convection and radiation [1]. The diffusion of energy is commonly known as 
heat conduction and is defined as the transfer of internal energy from a hot to cold region. 
In fluids, the internal energy of a matter is transferred by convection. Lastly, internal energy 
can be transferred as electromagnetic radiation. This work will focus mainly on heat 
conduction. In engineering, the ability to conduct heat is as a material property known as 
thermal conductivity. It is defined based on the terms of Fourier’s law of heat conduction 
in which a heat flux (?⃑?) is equal to the negative product of a local temperature gradient 
(ΔT) and thermal conductivity (K) [2]: 
                   ?⃑? =  −𝐾ΔT                               (2.1) 
The units of thermal conductivity are in watt per kelvin per meter (Wm–1K–1). Another 
important material property which defines heat transport in a solid is thermal diffusivity 
 16 
(𝜆). The thermal diffusivity of an object is defined as its thermal conductivity divided by 
its specific heat capacity Cp, and density (ρ) [2]: 
                                                            𝜆 =
𝐾
ρC𝑝
                              (2.2) 
The units for thermal diffusivity are in meter squared per second (m2s–1). In short, thermal 
diffusivity is a property which describes how fast heat will flow in a material, while thermal 
conductivity defines the quantity of heat flow. 
 Heat is conducted through a solid material by either free charge carriers (electrons) 
or by elastic waves characterized by crystal lattice vibrations (phonons). In a 
semiconductor material, the thermal conductivity (K) has both components contributed by 
electron (Ke) and photons (Kp) [1]:  
    𝐾 =  𝐾𝑒 +  𝐾𝑝                               (2.3) 
In metals, heat is carried mostly by free electrons, while in semiconductors heat 
conductance is mostly contributed by phonons. In some materials, phonons and electrons 
can have comparable contribution to the total thermal conductivity [3]. The thermal 
conductivity of materials varies widely from as high as ~ 3000 Wm–1K–1 for graphene to 
as low as  ~ 0.01 Wm–1K–1 for aerogels [4]. The thermal conductivity of materials is also 
directional (anisotropic) and temperature dependent. 
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2.2  Methods of Measuring Thermal Conductivity 
 
Since the mid–20th century, there have been many extensive studies on the thermal 
characterization of bulk materials [5–8]. Consequently, there are many methods used to 
measure the thermal conductivity of a material. The most widely known methods can be 
divided into two categories; steady state and transient methods. In the steady state method, 
the thermal properties of a material are measured by creating a temperature gradient that is 
independent of time. Transient methods normally measure the time dependent heat 
dissipation to characterize its material properties. The steady state methods have glaring 
issues such as high parasitic heat losses, high sensor contact resistance, and very long wait 
times to establish steady state temperature conditions. For this reason, this work discusses 
transient method – based thermal characterization. The following sections focuses on the 
two most commonly used transient methods known as the transient plane source (TPS) 
technique, which measures the average in–plane thermal conductivity and the laser flash 
thermal diffusivity method, which measures the average cross plane thermal conductivity. 
 
2.3 Transient Plane Source Technique 
 
The transient plane source technique, also known as Hot Disk, is a transient technique used 
to measure the thermal properties of materials [9,10]. It follows the International 
Organization for Standardization (ISO) method 22007–2:2015. The Hot Disk is a non –
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destructive method to measure the average in – plane thermal conductivity and thermal 
diffusivity of a solid, liquid or powder material. These thermal properties vary on the 
temperature and direction of the material. The Hot Disk can measure a wide range of 
thermal conductivities from 0.005 Wm–1K–1 to 1000 Wm–1K–1 over a wide temperature 
range. The main component in the Hot Disk system is the sensor which consist of a flat 
resistive nickel element with a double spiral geometry which is sandwiched between two 
layers of Kapton, as seen in Figure 2.1. The Kapton acts as both an electrical insulator and 
mechanical support. Nickel is chosen because of its widely reported temperature 
coefficient of resistivity (TCR). The nickel sensor behaves as both a heat source and a 
temperature monitor. The Hot Disk coil has a temperature coefficient which can be 
deduced by observing a resistance recording.    
 
Figure 2.1: a) A photograph of a typical Hot Disk sensor consisting of a nickel spiral and 
four terminals, encapsulated by a Kapton film. b) A Hot Disk sensor with a larger diameter. 
Hot Disk sensors are available in a variety of spiral diameters, ranging from 0.5 mm to 29.5 
mm. 
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The sensor is placed in between two identical pieces of a sample to begin the 
measurement and enough time is given to allow the sensor and the sample to reach thermal 
equilibrium. During the measurement, a pulse of current is transmitted through the nickel 
element which generates joule heating. The generated heat dissipates through the two 
pieces of the sample at a rate which depends on the thermal transport properties of the 
sample. The measured temperature increase in the sensor is monitored with high precision 
and accuracy by measuring its electrical resistivity. The sensor is usually heated from 0.5 
K to 5 K, while the temperature dependent electrical resistivity is recorded. The average 
temperature rise on the surface of the sensor, 𝛥𝑇(𝜏)̅̅ ̅̅ ̅̅ ̅̅ , is measured from the temperature–– 
based electrical resistance of the nickel element, 𝑅(𝑡), and temperature coefficient of 
resistivity by the expression [11]: 
  𝑅(𝑡) =  𝑅𝑜[1 +   𝛼𝛥𝑇(𝜏)̅̅ ̅̅ ̅̅ ̅̅ ]                 (2.4) 
As seen in Figure 2.2, the heat generated from the sensor dissipates in all direction 
of the contacting sample surfaces. Theoretically, the Hot Disk sensor can be 
mathematically approximated as a sensor with n number of concentric rings which are 
equally spaced and provide a uniform power distribution. If a is the radius of the largest 
ring, the radius of the smallest ring is a divided by n. The total length of the nickel element, 
L, is then [11]: 
  𝐿 =  ∑ 2𝜋𝑙
𝑎
𝑛
𝑛
𝑙=1 = (𝑛 + 1)𝜋𝑎                   (2.5)  
Using the equation of heat conduction and the well–known instantaneous point source 
solution, the temperature increase on the surface of the Hot Disk sensor is extracted by 
integrating the point source solution over time and the volume of the source. The average 
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temperature increase of the sensor can be calculated by averaging the temperature rise of a 
ring source over the length of the concentric rings [11]. The time dependent temperature 
increase of the sensor, 𝛥𝑇(𝜏)̅̅ ̅̅ ̅̅ ̅̅ , is then expressed as:  
   𝛥𝑇(𝜏)̅̅ ̅̅ ̅̅ ̅̅ = 
𝑃𝑜
𝜋
3
2𝑎𝐾
𝐷(𝜏)                                        (2.6)  
Here 𝑃𝑜  is the total power provided by the sensor, a is the radius of the sensor, K is the 
thermal conductivity of the measured sample, and 𝐷(𝜏) is a dimensionless time dependent 
function described by: 
             𝐷(𝜏) = [𝑛(𝑛 + 1)]−2  ∫ 𝜎−2𝑑𝜎[
𝑟
0
∑ 𝑙 ∑ 𝑘𝑒𝑥𝑝{𝑘𝑘=1
−(𝑙2+𝑘2)
4𝑛2𝜎2
}𝐼𝑜
𝑛
𝑙=1 {
𝑙𝑘
2𝑛2𝜎2
}           (2.7) 
The term 𝜏 is a characteristic time constant represented as: 
       𝜏 = 
√𝜆𝑡
𝑎
           (2.8) 
 where 𝜆 is thermal diffusivity, and t is the total transient recording time.  
 
 
Figure 2.2: A schematic of a Hot Disk sensor in between two identical pieces of a sample. 
The diameter of the sensor is chosen in consideration of the samples geometry to avoid any 
influence by the boundary of the sample. 
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 As shown by equation (2.6), the thermal conductivity of a sample measured using 
the transient plane source technique can be obtained from the linear plot of 𝛥𝑇(𝜏)̅̅ ̅̅ ̅̅ ̅̅  as a 
function of 𝐷(𝜏). Since the slope of this line is  
𝑃𝑜
𝜋
3
2𝑎𝐾
 , the input power, 𝑃𝑜, and radius of 
the sensor are known, the thermal conductivity, K, can be calculated. This is done by 
experimentally measuring the temperature increase of a range of input power values, 𝑃𝑜, 
and recording time, t, until a linear relationship with the maximum correlation coefficient 
between 𝛥𝑇(𝜏)̅̅ ̅̅ ̅̅ ̅̅  and 𝐷(𝜏) is observed, as this would yield the optimized value of thermal 
conductivity. Thermal diffusivity, λ, can then be calculated by equation (2.8) using the 
optimized transient recording time and known sensor radius. This process can be run 
iteratively by software and both the thermal conductivity and diffusivity can be obtained 
using the transient plane source technique. Knowing the density of the measured sample, 
the specific heat can be calculated using equation (2.2). The transient plane source 
technique has been successfully used to measure the thermal properties of various materials 
[12–15]. In this dissertation, it has been used to measure the average in–plane thermal 
conductivity of novel li – ion battery cathodes.  
 
2.4 Laser Flash Technique 
 
The laser flash technique is an optical transient method of measuring the average cross–
plane thermal conductivity of a material. As seen in Figure 2.3, the laser flash technique 
consist of a xenon flash lamp which provides a uniform heat pulse, with a duration 
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compared to the transient time, through the rear side. The sample’s temperature rise is up 
to 2K and is measured using a nitrogen cooled indium antimonide (InSb) infra – red 
detector, on the front face of the sample. If we assume no heat loses, the normalize 
temperature increase on the front face of the sample is given by: 
             𝑇/𝑇𝑚𝑎𝑥 = 1 +  2 ∑ (−1)
𝑚exp (−𝑚2⍵∞𝑚=1 )                                       (2.9) 
where  ⍵ = π2αt/L2, T is the instantaneous temperature increase in the front face of the 
sample, Tmax is the maximum temperature increase of the front face of the sample, and L 
is the sample thickness. By knowing the thermal pulse propagation time, the thermal 
diffusivity, 𝛼, can be measured by the expression: 
    𝛼 =  0.1388
𝐿2
𝑡1
2
                                       (2.10) 
where 𝑡1
2
 is the half–maximum time of the temperatures rise. Using equation (2.2) and the 
density and specific heat of an investigated sample, the thermal conductivity can be 
Figure 2.3: A schematic of a Laser Flash instrument showing the integral components which 
are used to measure the transient temperature rise of sample. An example of a transient 
temperature plot can be seen in the bottom right. 
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calculated. The laser flash instrument has been widely used to measure the thermal 
diffusivity of a variety of samples [16–18] and has been used to measure the average cross 
plane thermal conductivity of carbon nanotube based Li–ion cathode materials. 
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Chapter 3 
 
3 Carbon Nanotube Lithium Ion Cathodes 
 
3.1 Introduction  
 
The first Li–ion battery was created in 1976 [1]. In 1991, Nitta et al [2] demonstrated the 
first commercial rechargeable Li–ion battery. A number of recent advancements have led 
to the overall improvement in high power density Li–ion batteries [3–6]. Since then, 
rechargeable Li–ion batteries have become immensely popular and are in heavy use in 
aircrafts and electric vehicles. Although Li–ion batteries are highly efficient in converting 
chemical stored energy into electric potential, there is still a significant amount of energy 
loss due to ohmic heating as electric current is transmitted through the internal resistance 
of the cell [7–9]. In addition to joule heating, heat can be generated from the chemical 
reactions taking place within the battery cell during charging and discharging; cathodes are 
particularly susceptible to this type of heating [10–12]. To avoid the risk of overheating, 
Li–ion batteries are normally coupled with thermal management systems which can 
complicate the overall design at the pack level. Additionally, these systems do little to 
improve heat dissipation at the materials level and do not improve the safety of individual 
cells. It was previously shown that the low heat conduction across the interface of the 
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cathode and mating surfaces limit the heat dissipation of the overall cell [13]. Therefore, 
the focus of the chapter is to improve the overall heat conduction within a cell by 
fabricating and testing Li–ion cathodes with exceptional thermal conductivity. 
 The conventional design of Li–ion cathodes are based on the laminate composite 
film structure and consists of an electrochemically active material, conductive carbon 
material and a polymer binder, all of which are coated on an aluminum of copper foil 
current collector [14]. The carbon content in this design takes up a large volume fraction, 
as its role is to ensure a good electrical contact between the active materials and the metal 
current collector. The carbon material of choice in conventional Li–ion cathode structures 
is carbon black. Carbon black is a very poor thermal conductor, as it possesses a thermal 
conductivity value between 0.1 to 1 Wm–1K–1 at room temperature, which lowers the 
overall thermal dissipation property of the entire cathode assembly [15]. The overall 
thermal conductivity of current cathode electrodes ranges from 0.3 to 0.8 Wm–1K–1  [16–
17]. To address this concern, a suitable alternative to carbon black such as other more 
thermally conductivity carbon allotropes should be studied. In the upper echelon of highly, 
thermally conductive carbon allotropes lies graphene and carbon nanotubes [18]. Single 
layer graphene, observed as a single atomic sheet of graphite, has a reported thermal 
conductivity value ranging from 2000 to 5000 Wm–1K–1 [19], However, using single layer 
graphene in a cathode laminate structure may lead to problems due to Li–ion cell electrolyte 
diffusion [20]. Alternatively, carbon nanotubes which have a reported thermal conductivity 
from 1,750 to 5,800 Wm–1K–1 [21], have shown a greater electrical conductivity 
enhancement in compacted structures than graphene layers. 
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 In this section we show that composite cathodes fabricated from commercial 100 
mm long carbon nanotubes (CNTs) and LiCoO2 (LCO) particles reveal an in – plane 
thermal conductivity around ~200 Wm–1K–1. This value exceeds the thermal conductivity 
of conventional dry laminated cathodes by roughly three orders of magnitude. The cross–
plane thermal conductivity of CNT–based cathodes is approximately the same as that of 
conventional dry laminate cathodes. The CNT–based cathodes reveal a similar 
electrochemical capacity as conventional laminated cathodes but possess a superior rate 
performance and cycling stability. The addition of micro and nano sized diamond particles 
in CNT–based cathodes improves the rate performance. The lightweight, flexible design 
of our fabricated CNT–based cathodes provide a new platform for assembling Li–ion 
electrodes from a range of electrochemically active materials with superior heat dissipating 
properties and that are binder – less and free of any aluminum or copper current collectors. 
 
3.2 Carbon Nanotube Lithium Ion Cathode Fabrication 
 
Unmodified LiCoO2 (LCO) particles were purchased from Sigma–Aldrich. C–grade long 
multi–walled CNTs (100 μm in length and 5 to 30 nm in diameter) and short multi walled 
CNTs (5 μm in length and 6 to 9 nm in diameter) were purchased from NanotechLab. Nano 
size diamonds (~2 nm) and micron size (8 to 16 μm) diamond particles were purchased 
from International Technology Center and Raleigh & NC Diamond Innovations, 
respectively. A corresponding amount of each material was dispersed in a 250ml isopropyl 
alcohol (IPA) solution and sonicated for 20 min. The solution was then vacuum filtrated 
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on a microporous glass fiber filter (Wachman GF–F). The filtrated suspension results in a 
black CNT film deposited on the glass fiber filter. The samples were then annealed in air 
for 12 hours, resulting in the several layered structures schematically illustrated in Figure 
3.1. After fabricating several carbon nanotube – based cathodes, four different cathode 
samples, which were observed to be the most robust performers during electrochemical 
tests, were selected for further in – depth thermal conductivity and electrochemical testing. 
Among these four structures, a control sample (CNT) was fabricated using 10 mg of CNTs. 
To investigate the interaction between CNTs and LiCoO2, a cathode structure (CNTLCO) 
consisting of 51 mg of LiCoO2 particles mixed together with 2 mg of CNTs and then 
sandwiched between two layers consisting of 4 mg of CNTs was fabricated. Samples 
CNTLCOND and CNTLCOMD, consisting of nano and micro sized diamond particles, 
were fabricated to improve the cross – sectional thermal conductivity. All cathodes were 
fabricated without a binder while the CNT matrix acted as a current collector. This 
description follows the work described in [22]. 
 
Figure 3.1: Schematic depicting the various layered structures which were fabricated for 
electrochemical and thermal conductivity testing. The electrochemical and thermal 
conduction contributions of long carbon nanotubes, micro and nano size diamonds were 
investigated against various control samples, consisting of cathodes structures of pure 
carbon nanotubes. 
 30 
3.3 Thermal Analysis of Carbon Nanotube Cathodes 
 
The thermal conductivity of the fabricated cathode samples was experimentally measured 
using two different transient techniques: The Hot Disk based on the transient plane source 
technique, and the Laser Flash analysis. Due to the complicated layered structure of the 
samples and the physical limitations of the Hot Disk instrument, the in – plane and cross –  
plane thermal conductivity could only be measured at room temperature. Figure 3.2 shows 
photographs of the sample along with the components of the Hot Disk instrument. 
Figure 3.2: A photograph of a) a typical black CNT based cathode on a white fiber glass 
filter, b) a typical Hot Disk sensor, c) the Hot Disk sample holder which houses the 
sensor pressed in between two pieces of the cathode material, insulated with stereofoam 
and kapton material, d) the Hot Disk module, and e) the mechanical press and pressure 
gauge used to ensure a good thermal contact between the sensor and the sample surfaces. 
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For the in – plane thermal conductivity measurements, samples were prepared folding the 
stand – alone cathodes in between the Hot Disk sensor. The sample was then placed on an 
insulated test platform and encapsulated with insulating material to avoid temperature drift 
effects from the surrounding environment. A mechanical press and a Mark–10 force gauge 
was used to ensure uniform and stable pressure between the sample and the Hot Disk 
sensor, ensuring good surface and thermal contact. A significant time was allowed in 
between tests to ensure the sensor and the sample surfaces reach equilibrium temperature. 
The thermal diffusivity and thermal conductivity of the electrodes were calculated by 
recording the temperature rise as a function of time using equation (2.6). The power 
dissipated by the sensor and recording time were chosen from an iterative process so that 
the heat flux within the cathodes and the temperature rise of the sensor are not influenced 
by the boundaries of the cathode. Each cathode was measured several times to ensure 
reproducibility of measured results. 
 The carbon nanotube–based cathodes’ cross–plane thermal conductivity was 
measured using an optical Laser Flash technique (LF, Netzsch). To measure its thermal 
diffusivity, an electrode sample is placed into a stage and a xenon flash lamp produces 
shots of energy of 10 joules/pulse on the electrode surface while it’s temperature rise is 
monitored at the opposite end with a liquid nitrogen cooled In – Sb (Indium – Antimonide) 
infra – red detector. The temperature evolution on the rear of the electrode is recorded and 
converted into an amplified signal. A mathematical model (Cowan model) was used to fit 
the recorded curve to determine the thermal diffusivity and the thermal conductivity was 
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calculated from the equation K=ραCp, where ρ is the electrode’s mass density, and Cp is its 
specific heat (measured separately).  
 Before the thermal properties of CNT – based samples were measured, the thermal 
conductivity of well – defined standards were measured using Hot Disk and Laser Flash 
for calibration. As seen in Table 1, the thermal conductivities measured for standard 
materials at room temperature are close agreement with their reported values. It is 
important to note that that Hot Disk and Laser Flash require different materials as 
standards. Figure 3.3 reveals the in – plane and cross – plane thermal conductivity values 
for CNT–based LiCoO2 and a control CNT sample. The CNTLCO electrode sample is 
shown to have an in – plane thermal conductivity value as high as ~200 Wm–1K–1 
(comparable to aluminum). Aluminum is a known material used as a current collector in 
Li–ion cells and an effective heat sink. The thermal conductivity value measured on our 
fabricated electrodes is around three orders higher than traditional laminate electrodes.  
 
Table 3.1: Thermal conductivity values of reference samples. Reprinted with permission 
from E. Lee, R.A. Salgado, B. Lee, A. V. Sumant, T. Rajh, C. Johnson, A.A. Balandin, E. 
V. Shevchenko, “Design of lithium cobalt oxide electrodes with high thermal conductivity 
and electrochemical performance using carbon nanotubes and diamond particles,” Carbon, 
Vol. 129, pp. 702-710. 2018. Copyright © 2018 Elsevier. 
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 Figure 3.4 shows the cross – plane thermal conductivity of the cathodes as three 
orders of magnitude lower than its in plane value, but it was still comparable to 
conventional laminate electrodes (0.07 – 0.41 Wm–1K–1). Both the in – plane and cross – 
plane thermal conductivity of our CNTLCO electrode was significantly greater than that 
of the control CNT sample. The mass density and microstructure analysis of our electrode 
Figure 3.3: Room temperature in – plane thermal conductivity of carbon nanotube based 
cathodes. Data includes values for control CNT, CNTLCO, CNTLCOND, and 
CNTLCOMD structures. Reprinted with permission from E. Lee, R.A. Salgado, B. Lee, 
A. V. Sumant, T. Rajh, C. Johnson, A.A. Balandin, E. V. Shevchenko, “Design of lithium 
cobalt oxide electrodes with high thermal conductivity and electrochemical performance 
using carbon nanotubes and diamond particles,” Carbon, Vol. 129, pp. 702-710, 2018. 
Copyright © 2018 Elsevier. 
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samples did not show any correlation with their high thermal conductivity value. We 
believe that the highest thermal conductivity values achieved by the CNTLCO electrode 
results from a lower disorder and a better coupling between the CNTs and LiCoO2 particles. 
 
  
Figure 3.4: Room temperature cross – plane thermal conductivity of carbon nanotube 
based cathodes. Data includes values for control CNT, CNTLCO, CNTLCOND, and 
CNTLCOMD structures. Reprinted with permission from E. Lee, R.A. Salgado, B. Lee, 
A. V. Sumant, T. Rajh, C. Johnson, A.A. Balandin, E. V. Shevchenko, “Design of lithium 
cobalt oxide electrodes with high thermal conductivity and electrochemical performance 
using carbon nanotubes and diamond particles,” Carbon, Vol. 129, pp. 702-710, 2018. 
Copyright © 2018 Elsevier. 
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3.4 Analysis of Thermal Data 
 
We investigated the nano and micron sized diamond particles’ effect on the thermal 
conductivity of CNT–based electrodes. Two CNT – based electrodes were fabricated using 
micron and nano sized diamonds separately and labeled CNTLCOMD and CNTLCOND, 
respectfully. Equal amounts of micron and nano sized diamond particle were separately 
introduced to fabricate each electrode. The results showed that the in – plane thermal 
conductivity values of CNTLCOMD and CNTLCOND electrodes were lower than that of 
the CNTLCO electrode. The reduction of the in – plane thermal conductivity in the 
diamond containing samples can be a result of additional scattering of phonons propagating 
in individual CNTs near attached diamond particles. An improvement of cross – plane 
thermal conductivity in CNTLCOND over CNTLCO was observed and explained by 
superior coupling between the CNTs and nano sized diamonds in the cross – plane 
direction. The cross – plane thermal conductivity of the electrode sample fabricated with 
long CNTs (100 microns) was measured to be significantly lower the that of previously 
reported CNT–based electrodes assembled using polydisperse CNTs [23]. This can be 
attributed to the more pronounced lateral stacking arrangement of longer CNTs. These 
results showed that the arrangement of CNTs and their alignment are important factors in 
determining thermal conductivity. More work must be done to optimize the size of 
diamond particles used in electrodes to improve the coupling to other electrode material 
and the overall thermal conductivity.   
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 The scanning electron microscopy (SEM) micrograph reveals the entangle CNT 
arrays and random orientation around lateral planes. It’s important to note, however, that 
the majority of CNTs were aligned in a preferred in – plane orientation, as seen in Figure 
3.5. The individual CNTs were mainly aligned parallel to the fiber glass filter. Small – 
angle X – ray scattering (SAXS) was used to characterize the morphology of the CNT 
based cathodes. As shown in Figure 3.6, The SAXS data revealed that the average diameter 
of the multi walled carbon nanotubes was around 12 nm, and the radius of the incorporated 
nano diamonds in sample CNTLCOND is roughly 2.3 nm. The scattering from micro sized 
diamonds embedded in sample CNTLCOMD was not noticeable in the SAXS data which 
suggests that the concentration of CNTs and LCO particles overwhelmingly exceeds that 
of micro size diamonds.  In all structures, there were no structure factor which implies that 
the CNTs were separated and not bundled together, as observed in the SEM micrograph in 
Figure 3.5  
Figure 3.5: SEM micrographs of the cross section (top) and lateral plane (bottom) of 
reference CNT and composite CNT-LCO, CNT-LCO-ND and CNT-LCO-MD Cathodes. 
Reprinted with permission from E. Lee, R.A. Salgado, B. Lee, A. V. Sumant, T. Rajh, C. 
Johnson, A.A. Balandin, E. V. Shevchenko, “Design of lithium cobalt oxide electrodes with 
high thermal conductivity and electrochemical performance using carbon nanotubes and 
diamond particles,” Carbon, Vol. 129, pp. 702-710, 2018. Copyright © 2018 Elsevier. 
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3.5 Electrochemical Performance of CNT Cathodes 
 
This section is based on data reported in Ref [22]. The electrochemical testing was 
conducted in the Argonne National Laboratory. After the electrochemical tests, the samples 
were transferred to the University of California – Riverside for thermal testing. 
Electrochemical tests on all fabricated cathodes were taken immediately after annealing.  
Figure 3.6: SAXS patterns measured from CNT, CNTLCO, CNTLCOND, an CNTLMD 
cathode structures. Reprinted with permission from E. Lee, R.A. Salgado, B. Lee, A. V. 
Sumant, T. Rajh, C. Johnson, A.A. Balandin, E. V. Shevchenko, “Design of lithium cobalt 
oxide electrodes with high thermal conductivity and electrochemical performance using 
carbon nanotubes and diamond particles,” Carbon, Vol. 129, pp. 702-710, 2018. Copyright 
© 2018 Elsevier. 
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CNT based cathodes were cut into 1.27 cm diameter circles for electrochemical tests. 
Battery cycling was performed using 2032 type coin cells with a Lithium metal foil acting 
as a counter electrode, and a 2M lithium hexafluorophosphate (LiPF6) in ethylene 
carbonate/ethyl methyl carbonate (3:7 weight ratio) electrolyte from Tomiyama. Half–cell 
cycles were operated at a 0.5 C rate. A Maccor 2000 battery tester was used while all coin 
cells were tested in an environment chamber at 25° C. As shown in Figure 3.7, all cathodes 
demonstrated similar electrochemical stability between the cycling range 2.75–4.5 Volts 
(V), with LCO performing the best. The CNT based cathodes modified with either nano or 
micro sized diamond particles, showed a decay in performance. Cycling voltage above 4.1 
V is known to promote electrochemical oxidation of the organic electrolyte, which leads 
to the growth of a thick passivation layer at the interface of the cathode [24]. The lower 
stability of the cathodes modified with diamond particles, cycled at high voltage (> 4.1V), 
can be due to the reduced contact area between LCO particles and CNTs, as the diamond 
particles adhere to the CNTs’ surface.  
 The overall, reduced performance of CNT based cathodes modified with either 
nano or micro sized diamond particles can be attributed by their higher porosity. Increased 
porosity of these cathodes can lead to an accelerated degradation of the active LCO 
material. The assumption here is that the LCO particles have an increased electrical 
connection with the CNTs in the CNTLCO cathodes, resulting in an enhanced electrical 
current distribution and less locally overcharged regions on the cathode. Nonetheless, the 
capacity retention of the fabricated CNTLCO cathodes is comparable to that of optimized 
LCO laminated cathodes [25–27].  
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Figure 3.7: The electrochemical performance of conventional cathodes (LCO) and CNT 
based cathodes, cycled between 2.75 and 4.5 V at 0.5 C rate (70 mA/g): (a) cycle 
performance, and voltage profiles. Reprinted with permission from E. Lee, R.A. Salgado, B. 
Lee, A. V. Sumant, T. Rajh, C. Johnson, A.A. Balandin, E. V. Shevchenko, “Design of 
lithium cobalt oxide electrodes with high thermal conductivity and electrochemical 
performance using carbon nanotubes and diamond particles,” Carbon, Vol. 129, pp. 702-
710, 2018. Copyright © 2018 Elsevier. 
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Chapter 4 
 
4 Low – Dimensional van der Waals Materials 
 
4.1 Van der Waals Materials  
 
Van der Waals materials can be imagined as stacked layers of covalently or ionic bonded 
atoms which can be visualized a two – dimensional plane (2D). Their name was given in 
honor of the 1910 Nobel prize winner in Physics, Johannes Diderik van der Waals, who 
worked on intermolecular forces and equations of state. Van der Waals materials are 
layered materials that have strong covalent in–plane bonds but weak inter layer van der 
Waals bonds [1]. It is this weak inter layer bonding which allows individual van der Waals 
layers to easily slide relative to each other, providing low friction properties. These 
properties have enabled van der Waals Materials to be readily used as dry lubricant 
materials. A table of traditional van der Waals materials and their application can be seen 
in Table 4.1 [2]. 
Table 4.1; Heavily studied van der Waals materials and their applications 
Materials Application 
Molybdenum Disulfide (MoS2) Automobile lubricant 
Tungsten Diselenide (WSe2) High end bearing lubricant 
Hexagonal Boron Nitride (h-BN) Space application lubricant 
Graphite Food industry lubricant 
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It was previously believed that van der Waals materials could not exist as individual layers 
because it was believed to be thermodynamically unfavorable. This belief was disproven 
when Andre Geim and Konstantin Novoselov discovered that Graphite could be separated 
into individual atomic layers known as graphene by means of physical exfoliation using 
scotch tape [3]. As seen in Figure 4.1, the exfoliation of graphite demonstrated that a 2D 
atomic plane of carbon atoms could exist. This discovery unveiled the spectacular 
properties of graphene and sparked interest in exfoliating and isolating other van der Waals 
materials into atomic layers which would lead to a new field of study known as 2D 
materials. 
 
 
 Since graphene’s discovery, there have been numerous studies on the intrinsic 
properties of 2D materials exfoliated from many commonly known van der Waals material 
Figure 4.1: The schematic on the left depicts graphite as made up of single stacked layers 
of carbon planes. As depicted on the schematic on the right, graphene is a single atomic 
plane consisting of  in – plane,covalently bonded carbon atoms. 
 45 
systems including those listed in Table 4.1. Consequently, many of the low hanging fruits 
have been plucked and studied [4]. Nevertheless, there remains several interesting van der 
Waals 2D and 1D material systems which exhibit exotic behavior under applied stimuli 
such as the charge density wave effect.  
 
4.2 Low – Dimensional van der Waals Materials 
 
Graphene’s discovery in 2004, reinvigorated the nanoscience community and sparked a 
new interest in the exploration of other 2D Materials. The intrigue in finding exotic 
electronic and opto–electronic properties led many researchers to publish over 10,000 
scientific papers on the subject annually [5]. The number of papers dedicated to graphene 
is expected to dwindle down as the attention is shifted to other exotic van der Waals 
materials that can be exfoliated to few and even mono 2D layers. The number of potential 
van der Waals materials that can be easily cleaved to low – dimensional is ever – growing. 
The melting temperature of several of these materials decreases with decreasing thickness 
which leads to natural passivation of their surface. Consequently, many of these proposed 
2D materials will not survive at ambient temperatures as they would readily corrode and 
decompose.  
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 Of the layered materials that can survive in ambient temperature, many can be 
classified as what are known as transition metal dichalcogenides (TMDs). These layered 
transition–metal dichalcogenides with the formula MX2 where M is a transition metal such 
as Mo, W, Nb, Ta or Ti and X is a chalcogenide element such as Se, S or Te. Some of these 
materials exhibit the intriguing CDW phase transitions where their electronic properties 
switch from metallic to insulating as temperature decreases. Another class of the transition 
metal chalcogenides, the trichalcogenides, exhibits quasi – 1D crystalline structures. 
Examples of such materials can be found in Table 4.2 and include materials such as Sb2Te3 
and ZrTe3 [6–10]. In this Chapter, 2D TMD 1T –TaS2 will be studied as it is one of the 
richest in terms of CDW phase change transitions with one such transition occurring near 
room temperature.  
 
 
 
Table 4.2: Heavily Studied low – dimensional layered materials  
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4.3 1T – Tantalum Disulfide 
 
The charge – density – wave (CDW) phase is a macroscopic quantum state consisting of a 
periodic modulation of the electronic charge density accompanied by a periodic distortion 
of the atomic lattice in quasi – 1D or layered 2D metallic crystals [11]. Several layered 
transition metal dichalcogenides (TMD), including 1T–TaS2 exhibit unusually high 
transition temperatures to different CDW symmetry – reducing phases [11]. Tantalum 
disulfide is composed of TaS2 atomic planes which consist of tantalum atoms in between 
sulfur atoms bonded by strong covalent bonds and weak inter – layer van der Waals bonds 
that can be broken to isolate individual layers. The material reveals itself as a metallic 
crystal. As the material is thinned down it takes on a yellowish color and at a few 
nanometers in thickness it takes on a blue tint. Previous investigations in TaS2 focused on 
two known phases, named as 1T and 2H [13]. In the 2H phase, sulfur atoms are ordered 
around tantalum atoms in a trigonal prismatic order, while in the 1T phase, sulfurs atoms 
surround tantalum atoms at the corners of an octahedron, as illustrated in Figure 4.2 a) and 
(b). The 1T polytype of TaS2 undergoes the transition from a normal metallic phase to an 
incommensurate CDW (IC – CDW) phase at 545 K, then to a nearly – commensurate CDW 
(NC–CDW) phase at 350 K, and, finally, to a commensurate CDW (C – CDW) phase at 
180 K [12]. Each phase transition is accompanied by a lattice reconstruction and a change 
in electrical resistivity. As the materials becomes more electrically conductive as it 
transitions from its C – CDW phase to the IC – CDW metallic phase. Figure 4 c) shows 
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the signature formation of a “David star” in the C – CDW phase, as 12 Tantalum atoms 
move inward toward a central Tantalum atom. 
  
 
 
4.4 Material Synthesis 
 
1T – TaS2 crystals were synthesized using the chemical vapor transport (CVT) method from 
high purity elemental powders. The metastable 1T phase, found in high temperatures, was 
isolated by quenching the reaction in ice to produce metallic crystals. The crystals were 
Figure 4.2: A schematic representation of a) 2H – TaS2 unit cell, b) the 1T – TaS2 unit 
cell, and c) the signature “star of David” clusters observed in the commensurate phase. 
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analyzed by powder X–ray diffraction. The results, shown in Figure 4.3, reveal a pure 
phase product that matched the 1T phase (ICDD 04–006–1132). A strong orientation effect 
is measured which is attributed to the layered structure seen in the insert of Figure 4.3 a). 
Figure 4.3 b) shows a SEM micrograph which demonstrates the millimeter size of high 
quality 1T – TaS2 crystal grown via the CVT method. Figure 4.3 c) shows the results of 
energy dispersive spectroscopy (EDS) measurements which show that the stoichiometric 
ratio between tantalum and sulfur is 1 to 2. Additionally, electron probe microanalysis 
(EPMA) results revealed a tantalum to sulfur stoichiometric ratio of 1 to 2.1, which is close 
to an ideal stoichiometry. More information on the CVT synthesis and details on the control 
of polytype formation can be found in previous studies [15–18]. 
 
 
Figure 4.3: A) Results of powder X – ray diffraction of CVT synthesized 1T – TaS2 
crystals B) An SEM image of the bulk 1T – TaS2 crystals. C) A table summarizing the 
results of EDS and EPMA measurements which confirm the expected 1 to 2 tantalum to 
sulfur ratio. Reprinted with permission from G. Liu, S. Rumyantsev, M. A. Bloodgood, 
T. T. Salguero, and A. A. Balandin, “Low – Frequency Current Fluctuations and Sliding 
of the Charge Density Waves in Two – Dimensional Materials,” Nano Lett., vol. 18, pp. 
3630–3636, 2018. Copyright © 2018 American Chemical Society. 
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4.5 Exfoliation of Low – Dimensional Materials 
 
In 2004, it was discovered that graphene could be mechanically peeled off of bulk crystals 
of graphite using scotch tape. The exfoliation of low van der Waals materials from their 
constituted bulk crystal known as micro – mechanical exfoliation, can be seen in Figure 
4.4. While this method does not require sophisticated and expensive equipment, there have 
been improvements in the quality of adhesive tape used to cleave layered materials and 
many have discovered that these same materials can be exfoliated by means of 
ultrasonication. 
 
 
 
 
 
 
 
 
 
 In this dissertation, the mechanical exfoliation was solely used to produce 2D 
structures from bulk layered van der Waals materials. The micro – mechanical exfoliation 
of van der Waals materials begins by placing a bulk crystal of the studied materials on the 
adhesive side of a low residue Nitto tape. Once the bulk material is secured on the adhesive 
Figure 4.4:  Schematic depicting the micro – mechanical exfoliation of layered materials 
and their transfer on to a silicon substrate. 
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tape, the adhesive tape is folded so that all adhesive surfaces come into contacted with each 
other. The tape is then removed, and the exfoliated materials are transferred onto the 
Si/SiO2 substrate. The exfoliated material was then transferred on to a Si/SiO2 substrate by 
pressing the Nitto tape onto the target substrate and gently rubbing for a few minutes. The 
tape is then removed, and the exfoliated materials are transferred onto the Si/SiO2 substrate, 
as seen in Figure 4.5. The low – dimensionality of the exfoliated layered materials is 
confirmed using atomic force microscopy (AFM). 
 
Figure 4.5: Optical image showing exfoliated thin layers of 1T – TaS2 on a SiO2 
substrate. The lateral dimensions were in the micrometer range while the typical 
thickness was under 100 nm. The insert shows a photograph of a bulk 1T – TaS2 crystal. 
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 The Raman spectroscopy is a characterization technique to identify materials based 
on the vibrational information of their specific chemical bonds and crystallographic 
symmetry.  An investigated solid material possesses characteristic phonon modes that are 
used to identify it. Raman spectroscopy has also been used to detect the phase transition 
temperature in CDW materials as they undergo structural crystallographic transformation 
[18–21]. This technique has also been widely used as a powerful metrology tool to 
determine the thickness of two – dimensional materials [22–25]. Raman spectroscopy was 
performed on 90 nm thick 1T – TaS2 material with the confocal Renishaw in – Vio system 
in the back – scattering mode configuration. The spatial resolution of this system was 
limited by the laser spot diameter which was measured to be around 1 μm. This resolution 
enabled us to focus on sample areas of a few microns. The sample was placed on a remotely 
controlled translational stage which could be coarsely moved along the x and y plane. A 
white light source and CCD camera was used to illuminate and focus on the sample. A 
laser wavelength of 633 nm was focused on the sample through a lens with a 100X 
magnification to excite Raman active signals. The Raman scattered, and Rayleigh light was 
collected using the backscattering configuration through the objective lens. Figure 4.6 
shows a measured Raman spectrum of a 90 nm thick 1T – TaS2 thin film. The peaks 
observed at 239, 302, 381 cm–1 correspond to the well–known optical phonon branches 
where sulfur atoms are involved in the atomic vibration [26].  
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Figure 4.6: Raman spectrum of a 1T – TaS2 thin film. The insert image shows an optical 
image of the 90 nm thick flake. 
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Chapter 5  
 
5 Device Fabrication and Characterization 
 
5.1 Introduction 
 
The approach and methodologies in this section are focused on the fabrication of two 
terminal vertical electrical devices based on low – dimensional van der Waals materials. A 
brief schematic of the important steps in the device fabrication process can be seen in 
Figure 5.1. The following sections will describe the electron beam lithography, electron 
beam evaporation, exfoliation and deterministic transfer of low – dimensional materials 
and the electrical characterization. 
Figure 5.1: Schematic depicting the fabrication and characterization of a vertical device. 
device. 
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5.2 Electron Beam Lithography  
 
Electron beam lithography (EBL) is a lithography that uses a focused electron beam to 
expose patterns in polymer shadow masks which will later be used to deposit or etch 
materials away from a target substrate. This is in contrast with the industry used 
photolithography which uses light to expose patterns for the same applications. EBL 
produces patterning with a higher resolution than photolithography because of the short 
wavelength of the electron bean which is in the range of 10 to 50 keV. As seen in Figure 
5.2, a standard EBL system consists of the following core components: an electron gun or 
electron source that supplies the electrons. an electron column consisting of lenses and 
electrodes which conforms and focuses the electron beam, a mechanical stage that positions 
the wafer under the electron beam, and  a computer system that controls all components 
[1–4]. 
Before electron beam lithography, a substrate (usually SiO2 wafer) is coated with a 
polymer mask [5–7]. This is done by spin coating two layers of Poly (methyl methacrylate) 
(PMMA) at a rotation of 4000 revolutions per minute for 45 seconds. The substrate is then 
baked at 180°C for 10 minutes to remove any excess solvent. The substrate is then taken 
to SEM chamber equipped with electron beam lithography capabilities. AutoCAD software 
is used to design the electrode patterns which the electron beam will expose on the PMMA 
mask. As the electron beam traces the previously defined electrode pattern, the solubility 
of the exposed traced patterned is altered. The coated substrate is then submerged in a 3:1  
methyl isobutyl ketone (MIBK) & Isopropanol based developer where it dissolves portions 
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of the PMMA mask which were exposed and patterned by an electron beam [8, 9]. The 
substrate is then ready for metal deposition. 
 
 
5.3 Electron Beam Evaporation 
 
Electron Beam Physical Vapor Deposition or EBPVD is a form of physical vapor 
deposition in which a target is bombarded with an electron beam from a charged tungsten 
filament under ultra–high vacuum [10,11]. The electron beam causes atoms from the target 
material to transform into the gaseous phase. These atoms then precipitate into solid form, 
Figure 5.2: On the left, a photograph of a scanning electron microscope (SEM) equipped 
with an electron beam lithography system. On the right, a schematic of an electron beam 
lithography system illustrates the critical components. Center for Nanoscale Science and 
Engineering (CNSE), UC Riverside. 
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coating everything in the vacuum chamber (within line of sight) with a thin layer of the 
bombarded material. Alternatively, in chemical vapor deposition (CVD), the film growth 
takes place at high temperatures, leading to the formation of corrosive gaseous products, 
and it may leave impurities in the substrate [12–14]. The PVD process utilized by the 
electron beam evaporation method can be carried out at lower deposition temperatures and 
without corrosive products, but deposition rates are typically lower. The deposition 
chamber must be evacuated to a vacuum pressure of at least 7.5 x 10−5 Torr (10−4 Pa) to 
allow electrons to travel from the electron gun to the ingot shaped evaporation material. 
Electron beams can be generated by thermionic emission, field electron emission or by the 
anodic arc method. The generated electron beam is accelerated to a high kinetic energy 
which is then converted into other forms of energy through interactions with the 
evaporation material. The thermal energy that is produced heats up the evaporated material 
causing it to melt or sublimate. The Accelerating voltages in electron beam evaporation 
can be between 3 kV – 40 kV. 
 The evaporation process for low – dimensional materials is typically done once for 
Titanium to a thickness of 10 nm followed by a gold layer of about 100 nm. The titanium 
layer enhances the adhesion between the deposited gold metal and the substrate. The 
evaporator used is the Temescal Model BJD – 1800 electron beam evaporator. A schematic 
representing all the critical components of the electron beam evaporator can be seen in 
Figure 5.3. An electron gun bombards a crucible containing the material to be evaporated 
and a crystal thickness monitor is used to inspect the quality and quantity of the evaporant 
source material. Once a metal layer is evaporated on the surface of the substrate, the 
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substrate is submerged in acetone to dissolve the undeveloped layers of PMMA. This 
results in metal patterns, previously defined by EBL, on the surface of the substrate. 
 
 
 
 
5.4 Transfer of Low – Dimensional Materials 
 
Most methods used to transfer low – dimensional materials rely on a sacrificial polymer 
layer which requires the use of chemicals during the fabrication process. These chemicals 
Figure 5.3: On the left, a photograph of an electron beam evaporator. On the right, a 
schematic representing the critical components of an electron beam evaporation chamber 
is shown. Adapted with permission from S. Ahmadi, N. Asim, M.A. Alghoul, F.Y. 
Hammadi, K. Saeedfar, N.A. Ludin, S. Zaidi, and K. Sopian, “The Role of Physical 
Techniques on the Preparation of Photoanodes for Dye Sensitized Solar Cells”, 
International Journal of Photoenergy, 198734, 2014. Copyright © 2014. Center for 
Nanoscale Science and Engineering (CNSE), UC Riverside. 
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may contaminate the transferred material [15–19]. In this dissertation, an all dry transfer 
method was used to transfer thin layers of 1T – TaS2 on pre–patterned bottom electrodes. 
This all dry transfer method relies on the viscoelasticity of Polydimethylsiloxane (PDMS) 
stamps [20–22]. Figure 5.4 shows a schematic of the all dry transfer set–up. The PDMS 
stamp is a commercially available material (Gelfilm, Gelpak). This stamp is adhered to a 
glass slide for ease of handling. Two – dimensional 1T – TaS2 was first exfoliated on to a 
PDMS/glass slide in the same way shown in Figure 4.4. The surface of the PDMS stamp 
is placed under a microscope to select thin flakes which appear with a faint contrast. Since 
the PDMS stamp is transparent, the number of atomic layers on a thin flake can be 
determined using transmission mode. Once a suitable film is identified, a Si/SiO2 substrate 
with prepatterned electrodes is affixed to a stage using carbon tape. The stamp is then 
attached to a three – axis manipulator with the exfoliated films facing the target substrate.  
 The set–up seen in Figure 5.4 is used to align a desired thin film on the pre–
patterned electrodes, using the DSLR camera, zoom lens and monitor. To successfully 
transfer the selected thin films on the pre–patterned electrodes, the stamp is pressed on to 
the Si/SiO2 , and then slowly separated. The transfer of exfoliated thin films from the 
PDMS stamp to the pre–patterned electrodes is possible due to the viscoelasticity of the 
PDMS material. As It behaves as an elastic solid while it is in contact with the targeted 
substrate and flows at short time intervals as it is slowly peeled away.  
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5.5 Electrical Characterization of Devices 
 
The vertical electrical transport of low – dimensional material can be probed by fabricating 
a vertical device using the techniques discussed in the previous sections and measuring its 
current – voltage characteristics. In this dissertation, an electrical probe station (Lakeshore 
TTPX), and an integrated semiconductor analyzer (Agilent Technologies B1500A) was 
used to probe the current – voltage characteristics of vertical devices. The vertical device 
is placed inside a chamber which is then vacuumed to 10–5 torr. Electrical probes are then 
placed in contact with the electrodes of the vertical devices, using an optical microscope. 
The electrical probes are connected to the source–measure unit (SMU) channels on the 
semiconductor device analyzer via coaxial cables. The semiconductor device analyzer can 
test the performance of electrical devices by capacitance, time dependent capacitance, and 
Figure 5.4: The left image shows a photograph of the all dry transfer system. On the right, 
a schematic is shown that illustrates the working components of an all dry transfer system 
used to transfer thin films of 1T – TaS2 on to pre – patterned electrodes. Nano – Device 
Laboratory (NDL), UC Riverside. 
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current voltage measurements. The current measurement resolution is as low as a few 
femto amperes (A). The SMU channels provides both current and voltage sources, and 
current and voltage meters in a single compact unit. The prospect of high accuracy and low 
current resolution make this set–up an ideal electrical characterization tool. Figure 5.5 
shows a photograph of the electrical characterization set–up. 
 
 
Low temperature current voltage measurements in the electrical probe station were 
conducted by cooling down the chamber using liquid nitrogen. The temperature in the 
chamber was controlled using a heater, which is adhered to the bottom of the sample stage, 
and temperature controller (Lakeshore 336). The temperature controller provides a stable 
temperature inside the vacuumed sample chamber. The controller senses the chamber 
temperature fluctuations and sends DC heater power to the probe station as needed, 
balancing the amount of heat provided by power against the temperature decrease enabled 
Figure 5.5: A photograph showing a six – probe Lakeshore electrical probe station 
(TTPX) on the left and a Agilent B1500a semiconductor device analyzer on the right. 
Nano – Device Laboratory (NDL), UC Riverside. 
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by the liquid nitrogen. Additionally, the controller also balances its time response against 
that of the probe station to achieve a stable temperature without fluctuations or unnecessary 
delays. 
 
5.6 Low – Frequency Electronic Noise 
 
Electrical noise characterized by random fluctuations in electrical signals have been studied 
for many years. Initially, the motivation was to optimize electrical devices by reducing 
electrical noise. However, as previous studies demonstrated, some forms of electrical noise 
are unavoidable [23–25]. Electronic noise is divided into four fundamental sub bands: 
thermal noise or Johnson–Nyquist noise, shot noise, generation–recombination and 1/f 
noise [23]. Other forms of noise such as avalanche noise and burst noise derive from the 
four sub–bands. Each of these noise types have a well–defined fundamental origin, with 
the exception of 1/f noise. Electrical noise is normally characterized by its amplitude 
distribution, frequency spectrum and physical mechanism. The autocorrelation function is 
frequently used to observe the average time dependence of fluctuating variables. The power 
spectrum density (power distribution with respect to frequency) of a noise type can be 
obtained by considering the time interval ,T, of repetitions of a randomly fluctuating signal 
and expanding it as a Fourier series [26]. The power spectrum density is usually denoted 
as Sx with x being either current or voltage. In this work, we focus on intrinsic noise types 
by taking every precaution to avoid external sources of noise that are not intrinsic to the 
investigated material.  
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 Thermal noise originates from the fluctuation of electrical charges in a material as 
a result of thermal motion and is expressed as [23]: 
               𝑆𝐼 = 4𝐾𝐵𝑇𝐺                                                            (5.1) 
where, SI is the current spectral density, KB is the Boltzmann constant, T is temperature 
and G is electrical conductance. Shot noise results from the discrete nature of electrical 
charges. Its current fluctuations is defined by [23]: 
              𝑆𝐼 = 2𝑞 < 𝐼 >                                                          (5.2) 
where q is the charge and <I> is the average value of an electric current. Generation–
recombination noise emerges from the formation of trap states in semiconductor materials 
which leads to a variation in the number of free electrons. This fluctuation reveals itself as 
a spectral density expressed as [23]: 
              𝑆𝐼(𝑓) =
𝑆𝑜
[1+(2𝜋𝑓𝜏)2]
                                                         (5.3) 
where S0 is the frequency independent portion of 𝑆𝐼(𝑓) at a frequency less 
than  <  (2𝜋𝜏)– 1 𝑎 > (2𝜋𝜏)–1, and τ is the time constant associated with a specific 
trapping state such as an ionized impurity. Low – frequency (1/f) noise, first discovered in 
vacuum tubes, is usually found at a frequency less than 100 kHz [27]. Its spectral density 
can be expressed as [23]: 
                                                     𝑆𝐼(𝑓) = 1/𝑓
𝛼                                  (5.4) 
where f is frequency and α~1. Low – frequency noise is present in almost all semiconductor 
devices [28]. This type of current/voltage fluctuation can be measured by passing a 
constant current through the device and measuring the voltage fluctuations or applying a 
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constant potential and measuring its current fluctuations. The relation between the current 
(I) and voltage (V) spectral densities is expressed by [27]: 
               
𝑆𝐼(𝑓)
𝐼2
=  
𝑆𝑉(𝑓)
𝑉2
                                           (5.5) 
 The physical origin of low – frequency noise is agreed to originate from the fluctuations 
in the number of charge carriers, electrical mobility or both [23]. In this work, we use low 
– frequency noise spectroscopy to investigate the electrical transport in vertical 1T – TaS2. 
 A schematic of the noise measurement setup used to measure the low – frequency 
current fluctuations in vertical 1T – TaS2 devices can be seen in Figure 5.6. A DC potential 
is applied on the top and bottom electrode of a vertical device using a “quiet” 6 V battery–
potentiometer circuit (VD) to minimize the 60 Hz noise and its harmonics from the electrical 
grid. The voltage drop across the electrodes is magnified by a low–noise amplifier 
(Stanford Research 560). The amplified voltage fluctuation signal is processed with a 
dynamic signal analyzer (Stanford Research 780) by converting the signal from the time 
domain to the frequency domain using a Fourier Transform. The applied voltage from the 
battery is divided among a potentiometer (100 Ω max), a load resistor (3.6 kΩ), RL, and a 
device under test. The load resistor is selected with a value close to that of the device 
resistance. Using two voltage meters Vm1 and Vm2 , the total voltage drop across the load 
resistor and device are measured. The resistance across the device can then be calculated 
and the current spectra density can be derived as [23]: 
                                          𝑆𝐼 =   𝑆𝑉 [
(𝑅𝐿+𝑅𝐷)
𝑅𝐿𝑅𝐷
]
2
            (5.6)  
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Figure 5.6: Schematic representation of a low – frequency noise measurement set – up. 
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Chapter 6   
 
6 1T – TaS2 Device Characterization 
 
6.1 Vertical 1T – TaS2 Device  
 
Recently, the study of CDW materials and devices has undergone a true renaissance [1–6]. 
Despite the increasing attention on 1T – TaS2, there have been very few reports on the out–
of – plane transport properties of the material. We are aware of only two reports on the 
electrical conduction anisotropy of 1T – TaS2; one focused on bulk properties [7] and the 
other on ultra–thin films [8]. The most recent observation of the vertical transport 
properties of 1T – TaS2 was reported in study that examined the out – of – plane Nernst 
effect, which is sensitive to the out–of–plane electronic structure [1]. In this dissertation, 
we use low –frequency noise (LFN) spectroscopy as a tool to examine changes in the out–
of – plane transport properties of 1T – TaS2 as it undergoes CDW phase transitions via 
temperature stimuli. 
 High–quality 1T – TaS2 crystals were prepared by the chemical vapor transport 
method. The prototype vertical devices were fabricated via mechanical exfoliation and an 
all dry transfer method. The device fabrication process can be briefly described in the 
following steps. First, bottom electrodes were patterned by electron beam lithography 
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(EBL) (LEO Supra) on a SiO2/Si substrate. Immediately after, layers of Ti/Au metal were 
deposited by e–beam evaporation (Temescal BJD). Thin 1T – TaS2 layers were exfoliated 
from bulk crystals onto an ultra – clean PDMS/glass stamp which was mounted onto a 
transfer stage equipped with a micromanipulator to align and transfer the exfoliated layers 
from the PDMS surface onto the bottom electrode. Thin layers of hexagonal Boron Nitride 
(h – BN) were then placed overlapping the edge of 1T – TaS2 layers using the same dry –
stamp transfer technique, to avoid any unwanted edge contacts. Finally, top electrodes 
consisting of Ti/Au metal were fabricated using EBL and e – beam evaporation. A 
schematic of the completed device structure is shown in Figure 6.1.  
 
 
 
Figure 6.1: TaS2 vertical device schematic. Reprinted with permission from R. Salgado, 
A. Mohammadzadeh, F. Kargar, A. Geremew, C. Huang, M. A. Bloodgood, S. 
Rumyantsev, T. T. Salguero, A. A. Balandin “Low – frequency noise spectroscopy of 
charge – density-wave phase transitions in vertical quasi – 2D 1T – TaS2 devices,” Appl. 
Phys. Express, vol. 12, 037001, 2019. Copyright © 2019 The Japan Society of Applied 
Physics. 
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6.2 Electrical Resistance Measurements 
 
Temperature dependent current–voltage (I–V) characteristics were measured in a 
Lakeshore cryogenic probe station TTPX with a semiconductor analyzer Agilent B1500. 
To conduct temperature dependent measurement, the Lakeshore vacuumed chamber which 
houses the device is cooled down using liquid nitrogen. The temperature is controlled with 
an electrical heater in the chamber which is controlled using a Lakeshore 336 temperature 
controller module. In this configuration, the lakeshore probe is able to measure the 
electrical characteristics of devices from 77 K up to 400 K.  Figure 6.2 a) shows the 
measured temperature dependent resistance of a two – terminal 1T – TaS2 vertical device. 
The insert images of Figure 6.2 a) shows the optical image of two typical 1T – TaS2 vertical 
devices. The cross – sectional area and thickness of the 1T – TaS2 layer were around 0.5 
µm2 and 90 nm, respectively. The vertical devices were cooled down to 78 K at a ramp 
down rate of 1.5 K/min and heated at the same rate back to room temperature. The tested 
devices reached temperature stability in between the heating and cooling cycle while their 
resistance was measured at a DC bias sweep from 0 to 10 mV. The observed resistance 
hysteresis curve corresponding to the commensurate and near–commensurate CDW phases 
is in line with previous reported studies [8]. 
  An abrupt change in resistance can be observed below this transition temperature. 
Figure 6.2 b) shows the temperature dependent resistance of three different devices 
measured below their C – NC CDW phase transition temperature, measured during the 
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cooling cycle. The abrupt resistance drop can be seen in all measured devices below the 
expected phase transition which ranged from 80 K to 100 K 
Figure 6.2: (a) Electrical resistance of a representative vertical 1T – TaS2 device measured 
in the cooling and heating cycles. The insert shows an annotated optical microscopy image 
of the vertical device. (b) Electrical resistance of three different vertical 1T – TaS2 devices 
measured below the well-known commensurate to nearly – commensurate charge – 
density – wave transition temperature. Reprinted with permission from R. Salgado, A. 
Mohammadzadeh, F. Kargar, A. Geremew, C. Huang, M. A. Bloodgood, S. Rumyantsev, 
T. T. Salguero, A. A. Balandin “Low – frequency noise spectroscopy of charge – density 
– wave phase transitions in vertical quasi – 2D 1T – TaS2 devices,” Appl. Phys. Express, 
vol. 12, 037001, 2019. Copyright © 2019 The Japan Society of Applied Physics. 
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6.3 Low – Frequency Noise Measurements 
 
LFN spectroscopy measurements were taken to examine these unusual resistance changes 
using a custom – built experimental setup with a spectrum analyzer (SRS FFT). The 
devices were DC biased with a “quiet” battery – potentiometer circuit, to minimize the 60 
Hz noise peak and its harmonics. A source–drain bias was applied to the vertical device 
via a biasing circuit consisting of a single rechargeable 6 V lead acid battery. The device 
bias ranges from 0 V to 80 mV. Multi–turnable 2 W potentiometers are used to tune the 
applied biases, 100  in the source–drain biasing circuit and 3.6 k in the biasing circuit. 
More details of our low–noise measurement procedure can be found elsewhere [9–13]. 
Figure 6.3 a) shows the room temperature noise spectra of voltage fluctuations, Sv, as a 
function of frequency for a typical 1T–TaS2 vertical device under DC bias voltage, Vb, from 
0.6 mV to 80 mV. The spectra follow the 1/f behavior without any signatures of generation–
recombination bulges. 
  We calculated the short–circuit current fluctuations following the conventional 
formula as SI=Sv[(RL+RD)/(RLRD)]
2, where RL and RD are the load and device resistances, 
respectively. Figure 6.3 b) shows noise density as a function of current which demonstrates 
perfect scaling with I2 which is expected for conventional 1/f noise behavior. This 
proportionality implies that current does not drive the fluctuations but merely accentuates 
their visibility following Ohm’s law. 
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Figure 6.3: (a) Low – frequency current noise spectral density as a function of frequency for 
a vertical 1T – TaS2 charge – density – wave device. The room – temperature data are shown 
for the bias voltage ranging from 0.6 mV to 80 mV. Note that all noise spectra are of the 1/f 
type without any signatures of the Lorentzian bulges. (b) Noise spectral density as a function 
of the electric current between two device terminals at a fixed frequency f=10 Hz. Reprinted 
with permission from R. Salgado, A. Mohammadzadeh, F. Kargar, A. Geremew, C. Huang, 
M. A. Bloodgood, S. Rumyantsev, T. T. Salguero, A. A. Balandin “Low – frequency noise 
spectroscopy of charge–density–wave phase transitions in vertical quasi – 2D 1T – TaS2 
devices,” Appl. Phys. Express, vol. 12, 037001, 2019. Copyright © 2019 The Japan Society 
of Applied Physics. 
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We performed low temperature LFN and electrical resistance measurements on a 
vertical 1T – TaS2 device as it was heated from 77 K to above the C – NC CDW phase 
transition temperature. In Figure 6.4, we show the measured electrical resistance, at a 
voltage sweep of 10 mV, and the evolution of the normalized current noise, SI/I
2, with 
temperature, at a Vb = 13 mV and frequency of 10 Hz. The sudden drop in resistance 
observed around 160 K is in agreement with what has been observed as the C – NC CDW 
phase transition temperature. The peak in the normalized current noise spectrum around 
160 K corresponds to this phase transition. The unusual drop in resistance seen in previous 
vertical 1T – TaS2 devices below the C – NC phase transition temperature can be observed 
around 100K and is accompanied by a peak in the normalized current fluctuation spectrum. 
We previously reported low – frequency noise measurements on planar 1T – TaS2 
devices and discovered that the noise in 2D CDW systems has a unique physical origin 
correlated to the evolution and interaction of large discrete fluctuators [10]. The assumption 
was that these fluctuators were associated with groups of C – CDW domains and islands, 
commensurate regions of the NC – C CDW phase, and the material system switching in 
between phases. The electrical noise in these devices had two pronounced maxima which 
corresponded to the onset of CDW sliding and the NC – IC CDW phase transition brought 
upon by electrical stimuli. Our results proved that LFN spectroscopy can be a powerful 
tool in uncovering transport phenomena in mixed phases. Since many CDW materials can 
undergo a phase transition, these results are important to advance the understanding of 
governing principles of CDW and future device paradigms.  
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.  
 
It is important to note that the noise spectra measured at temperatures far from the phase 
transition temperature are always of the 1/f type, as seen in previous work [10]. The 
electronic noise spectra within the noise peak, which corresponds to the phase transition, 
have the shape of the well – defined Lorentzian form. Figure 6.5 shows the noise spectra 
Figure 6.4: Low temperature LFN measurements from room temperature down to 77 K, 
at Vds =13 mv bias. The evolution of the normalized current noise with temperature, at a 
frequency of 10 Hz, can be seen. Reprinted with permission from R. Salgado, A. 
Mohammadzadeh, F. Kargar, A. Geremew, C. Huang, M. A. Bloodgood, S. Rumyantsev, 
T. T. Salguero, A. A. Balandin “Low – frequency noise spectroscopy of charge – density 
– wave phase transitions in vertical quasi – 2D 1T – TaS2 devices,” Appl. Phys. Express, 
vol. 12, 037001, 2019. Copyright © 2019 The Japan Society of Applied Physics. 
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at 98 K, which corresponds to a so called hidden phase transition, in the vertical device 
configuration.  
  
 
At a frequency of 8 Hz, the noise spectrum at 98 K is close to the Lorentzian form 
as shown by the dashed curve, described as SI/I
2~ A/[1+(2f)2], where A is a constant 
and ~4×10–3 s is a time constant, which characterizes the dynamics of the phase 
Figure 6.5: Current normalized noise spectra at different temperatures. Reprinted with 
permission from R. Salgado, A. Mohammadzadeh F. Kargar A. Geremew, C. Huang, M. 
A. Bloodgood, S. Rumyantsev, T. T. Salguero, A. A. Balandin “Low – frequency noise 
spectroscopy of charge – density – wave phase transitions in vertical quasi – 2D 1T – TaS2 
devices,” Appl. Phys. Express, vol. 12, 037001, 2019. Copyright © 2019 The Japan 
Society of Applied Physics. 
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transition. The characteristic time   of the Lorentzian spectra corresponds to the specifics 
of the transition and applied voltage. The noise spectrum at 160 K corresponds to the 
known C – NC CDW phase transition and reveals a characteristic Lorentzian frequency 
below 1 Hz, only the tail of the 1/f2 part of the spectrum is visible. It is interesting to note 
that the noise spectra measured the same temperature in planar 1T – TaS2 devices do not 
show any signs of a Lorentzian shape. This suggests that the Lorentzian spectra 
demonstrated in the vertical device configuration is not a result of a generation–
recombination process but an actual phase transition. The sharp increase in noise near and 
at the phase transition is well–known for other materials [14,15]. It can also be associated 
with abrupt changes in resistance and instability characteristics of the material during the 
phase transition. 
 
6.4 Summary 
 
We have described the cross – plane electron transport in vertical quasi–2D layered 1T – 
TaS2 CDW devices using low – frequency noise spectroscopy to study changes in the 
electrical characteristics below RT. We observed two steps in electrical resistivity in the 
temperature range from 150 K to 180 K, and in the range from 80 K to 85 K. The 
normalized low – frequency noise spectral density revealed strong peaks at these transition 
points, changing by more than an order–of–magnitude. The higher temperature feature was 
associated with the well–known transition between the C – CDW and NC – CDW states. 
The lower temperature transition may indicate the presence of the “hidden” CDW phase. 
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These results further support the potential of the low – frequency noise spectroscopy for 
investigating electron transport in vertically – stacked quasi – 2D materials. 
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